In semi-solid forming processes for metals, it is important to make slurries with fine, round solid particles. In this study, we investigated the effects of mechanical vibration on the size and shape of solid particles. The slurry was prepared by pouring molten AC4CH aluminum alloy into a vibrating stainress container, and the vibration of the container was controlled. The solid particles in the slurry became finer and rounder with increasing acceleration amplitude at the same frequency, or with decreasing frequency at the same acceleration amplitude. However, at the same velocity amplitude and different frequency and acceleration amplitude, the solid particles formed a dendritic structure at high or low frequencies. The solid particles were the finest and roundest at a frequency of 50 Hz. The calculation results for the particle diameter and the particle roundness also showed that the solid particles became finer and rounder with increasing velocity amplitude. Additionally, the shapes of solid particles were affected by the frequency and displacement amplitude. Mechanical vibration with a frequency and displacement amplitude above certain threshold values produced fine, round solid particles. Slurry containing sufficiently fine, round particles was obtained by applying mechanical vibration at 50 Hz with an acceleration amplitude higher than 49.0 m/s 2 .
Introduction
Semi-solid forming processes for metals are expected to decrease casting defects and improve dimensional accuracy. However, this method has the drawback of low formability. Flowable semi-solid metal consists of solid particles dispersed in liquid metal. The fluidity and the formability of the semi-solid metal slurry is increased by finer, rounder solid particles.
14) Therefore, it is important to develop efficient production methods for slurry. Simple methods include applying a mechanical vibration in a vertical 58) or horizontal 9) direction during slow cooling of 0.10.4 K/s, and immersing a vibrating plate immersed in the molten metal during rapid cooling. 10) These studies indicated that fine, round solid particles are formed by applying vibration during nucleation. 9) However, the effect of the vibration conditions on the morphology of solid particles is unexplained, particularly at high cooling rates over 1 K/s. Preparing the slurry in a time similar to the cycle time of high-pressure die casting (HPDC) requires a faster cooling rate. Therefore, investigating the effects of vibration parameters on the morphology of solid particles in the slurry during cooling with several K/s is important.
Mechanical vibration parameters that affect the particle shape include vibration frequency, f (Hz), displacement amplitude, d (mm), velocity amplitude, V (mm/s), and acceleration amplitude, A (mm/s 2 ). In a sine wave vibration with displacement amplitude d, displacement, x(t), vibration, v(t), and acceleration, a(t), at time, t, are described by angular frequency, ½ (rad/s), or f as follows.
Therefore, displacement amplitude, velocity amplitude, and acceleration amplitude are expressed as follows.
In Japan, the aluminum alloy JIS ADC12 is usually used for aluminum alloy HPDC. However, this alloy is not suitable for the semi-solid process because it has a narrow temperature range at which the solid fraction is 0.30.6. In this study, the aluminum alloy JIS AC4CH (equivalent to A356 in the ASTM International standard) was used. This alloy has a wide temperature range where the solid fraction is 0.30.6. Additionally, it is desirable that the slurry can be prepared on a timescale similar to the cycle time of the HPDC process. Therefore, the time for cooling from liquid temperature to the semi-solid temperature must be shorter than 20 s. We prepared slurry by applying a sine wave mechanical vibration during cooling to the semi-solid state with cooling rates of a few degrees per second by pouring the liquid aluminum alloy into a room temperature stainless steel container. To identify the conditions for obtaining a slurry with fine, round particles, the effects of the mechanical vibration on the particle shape were investigated.
Experimental Procedure
We used JIS AC4CH, which is mainly used for gravity die casting or low pressure die casting. The liquidus and solidus temperatures of this alloy are 610 and 555°C, respectively, and the elemental composition is shown in Table 1 . A schematic of the experimental apparatus is shown in Fig. 1 . The slurry was prepared as follows. A stainless steel cup with an inner diameter of 38.7 mm, 90.0 mm high, and 1.2 mm thick was horizontally vibrated. A BN release agent was sprayed on the internal surface of the cup to prevent a reaction between the molten metal and the cup. Approximately 250 g of the molten AC4CH alloy at 700°C was poured into the vibrating cup. The cooling curve of AC4CH poured into the cup without vibration measured by the type K thermocouple is shown in Fig. 2 . The time required to cool from 700 to 590°C (semi-solid temperature, fraction solid of about 0.5) was 20 s. The cooling rate at the temperature just above the liquidus line was about 3.0 K/s. Therefore, the mechanical vibration was applied for 20 s to produce the semi-solid slurry with a fraction solid of 0.5. At 20 s later after applied vibration, the temperature of the semi-solid slurry when the mechanical vibration was applied was about 2°C lower than without vibration. To examine the microstructure of the semi-solid slurry, the slurry was cooled rapidly with water after standing for 15 s, based on the time required for the operation of the HPDC machine.
To estimate the effect of the acceleration amplitude, samples were prepared at a fixed frequency (50 Hz) and acceleration amplitudes of 29. 4 The microstructures of the specimens were observed by optical microscopy. The specimens were set in epoxy resin at room temperature, ground with SiC paper, and then polished with diamond paste. The specimens were etched in 0.5% HF solution.
Results
3.1 Effect of acceleration amplitude on the particle shape The microstructures of specimens prepared by applying mechanical vibration at a fixed frequency (50 Hz) and different acceleration amplitudes (29.488.2 m/s 2 ) are shown in Fig. 3 . The microstructure of the specimen prepared with no mechanical vibration is shown in Fig. 3(a) for comparison. These micrographs show that the microstructures consist of primary ¡-Al phases dispersed in the alloy matrix (eutectic ¡-Al and Si). This suggests that the primary ¡-Al particles were solid phase and the matrix was liquid before the samples were rapidly cooled. In the specimen with no vibration (Fig. 3(a) ), the ¡-Al phase had a dendritic structure. In the specimens where a low acceleration amplitude of 29.4 m/s 2 was applied, the dendritic ¡-Al phase was also observed (Fig. 3(b) ). However, the ¡-Al phase became dispersed in the matrix as the acceleration amplitude increased. At acceleration amplitudes greater than 49.0 m/s 2 , the ¡-Al phase particles were distributed in the matrix. Thus, a slurry with fine, round particles suitable for semi-solid forming process was obtained.
Effect of frequency on particle shape
Microstructures of specimens prepared at a fixed acceleration amplitude (49.0 m/s) and different frequencies (25, 50, and 100 Hz) are shown in Fig. 4 . At a high frequency of 100 Hz, the dendritic ¡-Al phase was observed (Fig. 4(c) ), and the phase became round as the frequency decreased. The velocity amplitude increased with decreasing acceleration amplitude at fixed frequency; therefore, increasing velocity amplitude distributed the ¡-Al phases in the matrix. Figure 5 shows the microstructures of specimens prepared at a fixed velocity amplitude and different frequencies and acceleration amplitudes from 12. (Fig. 5(c) ), fine, round ¡-Al phase particles were dispersed in the matrix. However, at frequencies lower than 25 Hz and higher than 100 Hz, the ¡-Al phase had a dendritic structure.
Discussion
Fine, round solid particles increase the fluidity of semi- solid slurries. 1, 3) To evaluate the size and shape of the solid particles quantitatively, the particle roundness, R, and particle diameter, d [µm], were measured by image analysis. The roundness of a particle was calculated by the following eq. (2) 3)
Here, L [µm] and A [µm 2 ] are the boundary length and area of the solid particle, respectively. When R = 1, the particle is a perfect sphere and the value of R increases if the particle shape deviates from being round. Next, the particle diameter (equivalent circle diameter) was calculated by the following equation.
The area-weighted mean roundness, R s , and area-weighted mean diameter, d s [µm] , were calculated by
, and R i are the diameter, area, and roundness of a solid particle, respectively. Figure 6 shows the calculated mean particle diameter and roundness at a fixed frequency of 50 Hz. Without the mechanical vibration, the mean particle diameter and roundness were 197.8 µm and 7.67, respectively. The mean particle diameter and roundness decreased with increasing acceleration amplitude. Both the mean particle diameter and roundness decreased with increasing acceleration amplitude, and at an acceleration amplitude of 88.2 m/s 2 , they were 91.7 µm and 2.43, respectively. Equations (1)(3) indicate that the velocity amplitude and displacement amplitude are proportional to the acceleration amplitude. Hence, these results also indicate that increasing the velocity amplitude and displacement amplitude decreased the mean particle diameter and roundness, producing fine, round particles. The mean particle diameter and roundness for particles prepared at a fixed acceleration amplitude and various frequencies are shown in Fig. 7 . Decreasing the frequency or increasing velocity amplitude decreased the mean particle diameter and roundness, and at a frequency of 25 Hz and a velocity amplitude in 311.9 mm/s, a mean particle diameter and roundness of 99.3 µm and 3.34, respectively, were obtained. Figure 8 shows the mean particle diameter and roundness prepared at a fixed velocity amplitude (156.0 mm/s) and different frequencies and acceleration amplitudes. The smallest mean particle diameter and roundness were 132.0 µm and 3.93, respectively, at a frequency of 50 Hz, an acceleration amplitude of 49.0 m/s The energy of mass point, m, in the sinusoidal vibration is obtained as a sum of potential energy, U, and kinetic energy, K.
Then, the total energy E can be described as
These equations indicate that the energy of mechanical vibration is proportional to the square of the velocity amplitude. Hence, the energy of the mechanical vibration is increased by the increasing velocity amplitude at the same frequency (Fig. 6) . At a fixed acceleration amplitude (Fig. 7) , the energy of the mechanical vibration is increased at low frequencies, and thus at higher velocity amplitudes. Therefore, at the same frequency (Fig. 6 ) or same acceleration amplitude (Fig. 7) , fine, round particles are obtained at a large velocity amplitude, at which the mechanical vibration reaches high energy. However, at a fixed velocity amplitude of 156.0 mm/s (Fig. 8) , the finest particles were obtained at a frequency of 50 Hz, and the particles became coarser at higher or lower frequencies. The displacement amplitude decreased with increasing frequency; therefore, fine particles were produced at a high displacement amplitude and frequency. The heat of the molten metal was drawn away through the wall of the stainless container. We suggest that the solidified particles were produced near the wall and were dispersed in the liquid phase by the mechanical vibration, forming the semi-solid slurry. Thus, the solid particles must be detached from the container wall before growing to a certain size to obtain the slurry. At a low velocity amplitude, the mechanical vibration is not sufficient to detach the particles. However, at a high frequency and low displacement amplitude, the solidified particles cannot migrate through the liquid and coarsen. Moreover, the effect of agitation is small at a low displacement amplitude, making it difficult to detach solid particles. Meanwhile, at low frequencies, the vibration period becomes long, increasing the time to detach the solidified particles and allowing the particles to become coarse. Accordingly, velocity amplitude, frequency, and displacement amplitude above certain threshold values are required to make a slurry with fine, round particles. However, to satisfy of all these conditions it is necessary to increase the power of the vibration machine. The slurry with the finest, roundest particles (mean particle diameter 91.7 µm, mean particle roundness 2.43) was obtained at a frequency of 50 Hz, acceleration amplitude of 88.2 m/s 2 , velocity amplitude of 280.7 mm/s, and displacement amplitude of 0.89 mm.
Conclusion
A semi-solid slurry of JIS AC4CH aluminum alloy was prepared by applying sinusoidal mechanical vibration during cooling from a liquid (700°C) to a semi-solid state (590°C) over 20 s, and the cooling rate on the liquidus was 3.0°/s. The effect of frequency, acceleration amplitude, velocity amplitude, and displacement amplitude on the size and shape of the solid particles in the slurry was investigated. Our results can be summarized as follows.
(1) Varying the velocity amplitude at a fixed frequency, or the velocity amplitude at a fixed acceleration amplitude showed that increasing the velocity amplitude produced finer, rounder solid particles in the semi-solid slurry. (2) At a fixed velocity amplitude, increasing the frequency and displacement amplitude above a threshold value also produced finer, rounder particles. 
